ABSTRACT. With the objective of characterizing Canine parvovirus (CPV) from some suspected fecal samples of dogs collected from the Veterinarian Hospital in Belém city, five positive samples were found by PCR assay and an update molecular characterization was provided of the CPV-2 circulation in Belém. Through sequencing of the complete DNA sequences (NS1, NS2, VP1, and VP2 genes), the CPV-2 strain was identified as CPV-2b (Asn426Asp) circulating in Belém. The CPV-2b strain with a different change at the position Tyr324Leu was detected in all samples assessed and thus reported for the first time for the scientific community. Phylogenetic analysis indicated that Belém CPV-2b and CPV-2a strains would be related to a cluster with samples 2 S.P. Silva et al.
after the 1990s, suggesting that CPV-2b in Belém originated from CPV2a circulating in Brazil after the 1990s. Potential recombination events were analyzed using RDP4 and SplitsTree4; therefore, results suggest that CPV-2 sequences here described were not potentially recombination events. Continuous monitoring and molecular characterization of CPV-2 samples are needed not only to identify possible genetic and antigenic changes that may interfere with the effectiveness of vaccines but also to bring a better understanding of the mechanisms that drive the evolution of CPV-2 in Brazil.
INTRODUCTION
The Canine parvovirus type 2 (CPV-2) was first isolated or described during 1978 as the cause of new diseases in dogs everywhere in the world, when it rapidly spread throughout domestic populations, as well as becoming widespread in wild dogs. However, testing for antibodies in the sera collected from dogs or related canids showed that the first positive titers were present in dogs in Europe between 1974 and 1976 (Parrish, 1999; Parrish et al., 1988) . Currently, the original CPV-2 has been completely substituted by three major genetic and antigenic variants (Fan et al., 2016) , termed as CPV-2a (Parrish et al., 1988) , CPV-2b (Parrish et al., 1991) , and CPV-2c (Buonavoglia et al., 2001 (Buonavoglia et al., ), identified in 1980 (Buonavoglia et al., , 1984 (Buonavoglia et al., , and 2000 The CPV-2 has a linear single-stranded DNA (ssDNA) genome about 5 kb in length with two major open reading frames (ORFs). They encode two gene cassettes: a non-structural replicase gene (NS1 and NS2) that encodes the enzymes required for replication, and a capsid (VP1 and VP2) gene encoding structural proteins (Shackelton et al., 2005) . This CPV-2 is a variant of Carnivore protoparvovirus 1 that belongs to the genus Protoparvovirus, within of the Parvoviridae family. This species includes Feline panleukopenia virus, Mink enteritis virus, and Raccoon parvovirus, according to the International Committee on Taxonomy of Viruses (Cotmore et al., 2014) . Although CPV is a DNA virus, previous reports demonstrated that the high rate of nucleotide substitution during CPV-2 replication seems to be similar to that reported for RNA viruses (Shackelton et al., 2005) .
The CPV-2 is one of the most important enteric pathogens of dogs. This virus is extremely contagious causing high morbidity with increased incidence in shelters, pet stores, and breeding kennels (Miranda and Thompson, 2016) . The etiology of hemorrhagic gastroenteritis is mainly attributed to the CPV-2 over other microorganisms, often in dogs younger than 6 months (Strottmann et al., 2008) .
The objectives of this study were to detect and characterize CPV-2 in dogs from Belém city, Brazil, by molecular analyses. Besides the genetic divergence in the CPV-2 variants, the occurrence of recombination events was also estimated.
MATERIAL AND METHODS

Ethics statement
The use, handling, and disposal of biological materials used in this project are in agreement with the ethical principles for Animal Experimentation adopted by the National Council of Animal Experimentation Control (CONCEA) and was approved by the Ethics Committee of Animal Use of Instituto Evandro Chagas (CEUA/IEC; number 02/2016).
Sample, ssDNA extraction, and PCR
Six fecal samples were collected from dogs unvaccinated to CPV-2 with vomit and diarrhea symptoms from the Veterinary Hospital in Belém city, Brazil. The ssDNA was extracted using the QIAamp ® Viral RNA Mini Kit and testing by PCR. The primers used for PCR detection of CPV-F (5'-GCCATTTACTCCAGCAGC-3') and CPV-R (5'-AGTAAGTGTACTGGCACAG-3') that amplified a fragment with 216 bp of the VP2 gene, as previously described (Cho et al., 2006) . For the amplification, the following conditions were applied: 35 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 30 s and polymerization at 72°C for 40 s, followed by electrophoresis on a 2% agarose gel with SYBR ® Safe DNA Gel Stain. All steps included a positive control performed using the commercial vaccine, and water as negative control.
Genome sequencing
The second strand of the ssDNA synthesis was performed using the cDNA Synthesis System kit (Roche Diagnostics) and 400 μM Roche Primer "random". The reaction was purified with Agencourt AMPure XP Reagent (Beckman Coulter). The CPV-2 genome was recovered using the pyrosequencing approach (Margulies et al., 2005) . DNA library was prepared and sequencing on a GS FLX+ (Roche Diagnostics) at the Center for Technological Innovation of Instituto Evandro Chagas, Ministry of Health, Brazil.
Genome assembly
The assembly sequence was carried out using the GS De Novo Assembler program (Newbler v. 3.0) . The inspection, annotations of putative ORF genes, and additional analysis were performed using the Geneious v. 9.1.6 software (Biomatters, New Zealand).
Estimating selection pressures
The non-synonymous:synonymous nucleotide change ratio per site (dN:dS) for the VP2 protein was determined. The dN:dS ratio was estimated using the Datamonkey web interface (http://www.datamonkey.org). The neighbor joining tree was selected to generate data for use in the analysis. The HKY85 nucleotide substitution model was chosen for this prediction. The method performed was single-likelihood ancestor counting to identify selection acting on each codon position in a protein sequence (Pond and Frost, 2005; Zhang et al., 2006) .
Phylogeny analysis
A multiple sequence alignment (MSA) was performed using the Mafft v. 7 program (Katoh and Standley, 2013) . Before phylogenetic analysis, the jModelTest was applied to select the best-fit models of nucleotide substitution (Darriba et al., 2012) . The reconstruction of phylogenetic trees was performed using the maximum likelihood (ML) method (Myung, 2003) implemented in the RaxML v. 8.2.4 (Stamatakis, 2014) . For determination of the reliability of the tree topology, bootstrap analysis (Felsenstein, 1985) was carried out in 1000 replicates.
Evolution of genetic recombination
To identify potential recombination events, an MSA with complete genome of CPV-2 was performed using the Mafft v. 7 program (Katoh and Standley, 2013 ). Potential recombination events were then analyzed using RDP, GENECONV, Bootscan, MaxChi, Chimaera, SiScan, and 3Seq methods implemented in RDP4 (Martin et al., 2015) and SplitsTree4 (Huson and Bryant, 2006) . Standard program settings for all methods were used to perceive sequences as linear, to require phylogenetic evidence, to refine breakpoints, and to check alignment consistency. The highest acceptable P value was set at 0.05, after considering Bonferroni correction for multiple comparisons. All method-specific program settings remained at their default values.
RESULTS
Five of the six dog fecal samples were amplified and confirmed the presence of CPV-2 by PCR. Three positive samples in the PCR to CPV-2 were sequencing, and the full-length ORF sequences were recovered; these three samples were Bel2014-01 (4891 nt), Bel2015-01 (4818 nt), and Bel2015-02 (5020 nt). The nucleotide sequences identified were released in NCBI with accession numbers KX774249, KX774251, and KX774252, respectively. Sequence comparisons revealed 99.1 to 99.9% nucleotide identities within these three samples.
Based on an analysis of complete VP2 sequences of three CPV-2 samples, which have their genomes sequenced with a reference sequence (M38245), we observed that a total of eight substitutions of amino acid residues occurred in three CPV-2 samples reported here. To characterize the CPV-2 variants shed in dog feces, the possible nucleotide changes at residues 426 were performed on the VP2 gene, and the sequencing results revealed that all sequences showed aspartic acid (426Asp) in this position, which evidenced that all samples reported here were a CPV-2b strain (Table 1) . Also, an additional genomic region in the VP2 protein showed amino acid substitutions in residues 87, 101, 297, 300, 305, 324, and 375.
Samples of CPV-2 isolated in Brazil before the 1990s have a serine residue at position 297 (297Ser). However, after the 1990s a substitution of serine to alanine (Ser297Ala) occurred, and we found the same alanine residue in this position (297Ala) in all samples sequenced. Only a CPV-2 strain reported in Brazil (DQ340430) has a different residue in this position (Ser297Asn).
The analysis method of the selection pressure driving the CPV-2 evolution showed a mean dN:dS ratio of 0.164 for the VP2 protein gene. Five codons (13, 324, 375, 426, and 440) were detected, and positively selected sites were identified in CPV-2 sequences using the default significance level (P value/Bayes factor/posterior probability) of 0.1 and eighty negative selection sites.
The phylogenetic tree based on nucleotide sequences of the VP2 gene shows that all sequences reported in this study were clustered in the same clade (Figure 1 ). In general, the resulting of the ML tree showed low values of nodes, not supported by high bootstrap values, showing that the VP2 gene is not highly informative from a phylogenetic analysis. However, phylogenetic tree reveals that Brazil samples resulted in two distinct clades before and after the 1990s, and samples reported here are grouped with CPV-2a isolated after the 1990s. Based on RDP4, a potential recombination event was identified in KX774251 (strain Bel2015-01), but only two methods, the Chimaera (1.825 x 10 -2 ) and 3Seq (1.301 x 10 -3 ) suggested this potential recombinant event. Thus, to further analyze the recombination event, multiple sequence alignments were divided into two alignments based on the site of the breakpoint, and separate phylogenetic trees for each dataset were constructed (data not shown). The phylogenetic trees constructed with non-recombinant fragments of the NS and VP2 genes did not corroborate the chimeric pattern found in the genome of the KX774251. Also, the analysis in SplitsTree4 did not find potential reassortment events in CPV-2 sequenced in this study. Therefore, these results suggest that the CPV-2 sequences described here were not potentially recombination events, but future studies may help to clarify this point.
DISCUSSION
The original CPV-2 had previously been replaced between 1979 and 1981 by the CPV-2a strain through five/six amino acid mutations in the major capsid protein VP2 (residues Met87Leu, Ile101Thr, Ala300Gly, Asp305Tyr, and Asn375Asp) (Parrish et al., 1988) . After 1986, most viruses isolated from dogs in many places of the USA were distinct antigenically from CPV-2a. The new antigenic type, the CPV-2b has largely replaced the previous antigenic type CPV-2a among virus isolates in this same place, because of a mutation in residue Asn426Asp in theVP2 protein (Parrish et al., 1991) .
In this study, we reported the first full genome of CPV-2 in Brazil; previous studies have reported only the partial sequences from the VP2 gene. To characterize these CPV-2 samples, we showed the same non-synonymous mutation at amino acid residues 87, 101, 300, 305, and 375 from CPV-2 to CPV-2a related. However, in the residue 426 of the VP2 protein, we found a substitution of Asn to Asp that characterizes the three samples of this study as the CPV-2b strain (Table 1) . Thus, it is the first molecular characterization of CPV-2 related to strain 2b in Belém city, North of Brazil.
The CPV-2 is epizootic in Brazil and followed the same pattern observed in the emergence of CPV-2 in the USA, which occurs with the replacement of variants CPV-2a to CPV-2b. In Brazil, the predominant strain reported in 1980 was CPV-2a, which was substantially replaced by CPV-2b from 1990 to 1995 (Pereira et al., 2000) . Then, CPV-2c was the principal type that circulated in Brazil between the years 2008 and 2010 (Pinto et al., 2012) . However, previous studies have described the distribution of CPV-2 in the south and southeast of Brazil, while we reported the first description of three samples of the CPV-2b strain in North of Brazil.
Previous studies by Shackelton et al. (2005) and Hoelzer et al. (2008) showed evidence for strong positive selection on the capsid VP2 protein gene with four VP2 residues in four sites (101, 232, 300, and 426) and (101, 300, 324, and 426) , respectively. In this study, we found five positive selections in residues 13, 375, and 440, as well as in residues 324 and 426, as previously reported. On the other hand, Decaro et al. (2009) not detect any positively selected sites; probably this result was due to the different datasets used for inferring the selection pressure.
The residue 324 is adjacent to residue 323, which affects binding to the canine transferrin receptor (TfR). The amino acid type at VP2 residues 93 and 323 has been shown to be the most important in controlling CPV-2 host range (Hueffer et al., 2003) . CPV-2a strains from Uruguay also had distinctive amino acid substitutions in residue 324Ile; this substitution had been first reported in 2004 in CPV-2a strains from China and Korea (Pérez et al., 2012) . The tyrosine (Tyr) residue is the most commonly found among the samples from CPV-2, followed by the isoleucine (Ile) residue in the position 324 of the VP2 gene. However, we have detected a CPV-2b strain with a different change at the position Tyr324Leu in all strains from Belém city, and it is the first reported mutation in this position of samples from Brazil and in the World. Further analyses are necessary to investigate the function of this mutation in the VP2 protein.
Phylogenetic analysis of the variants circulating in the canine population of some regions of Brazil has shown a great identity with other variants reported in the world; this fact confirms a cosmopolitan distribution of this virus (Pinto et al., 2012) . However, phylogenetic analysis suggests that strains reported in this study were related to previously CPV-2a strains from Brazil, clustered with strains identified after 1990. These results suggest that strains from Belém city may have originated from CPV-2a circulated in Brazil between the 1990s and 2000s, although we need a complete sequence of CPV-2 from Brazil to confirm this hypothesis.
In addition to high rates and positive selection of mutations in the viral capsid gene, previous studies have reported that genetic recombination has an important factor in the generation of viral diversity and the emergence of new genotypes (Wang et al., 2012; Pérez et al., 2014) . However, we not observed evidence about recombination events in strains from Belém reported in this study.
Continuous monitoring and molecular characterization of CPV-2 strains are needed to identify possible genetic and antigenic changes that may interfere with the effectiveness of vaccines, as well as provide a better understanding of the mechanisms that drive the evolution of CPV-2 in Brazil.
